It has long been known that the irreversible thermal aggregation of globular proteins takes place in aqueous solution. [1] [2] [3] Serum albumin has been recognized as an important drug delivery carrier in the drug delivery systems, and the aggregated serum albumin has been used as 99m Tc-macroaggregated albumin( 99m Tc-MAA) for diagnostic agents.
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4) The sample must contain more than 90% mass of MAA with a particle size between 10 and 90 mm, and no MAA with particle size above 150 mm and below 5 mm for suitable use as diagnostic agents.
5) The MAA has been prepared by thermal aggregation of serum albumin. The thermal aggregation rate depends on the experimental conditions, such as albumin concentration, temperature, pH, ionic strength, fatty acids, etc. Recently, Sontum and Christiansen 6) discussed the denaturation kinetics and denaturation rate from the measurement of hydrodynamic radius by means of quasi elastic light scattering at a relatively incipient stage of aggregation up to 15 min as the function of pH and temperature for higher concentration (5%).
The relationship between translational diffusion coefficient, D, measured by means of dynamic light scattering and the number of particles, s, in the aggregated cluster is represented by the power law as Dϰs
Ϫg from the simulation of three dimensional cluster-cluster aggregates. [7] [8] [9] Bovine serum albumin (BSA) is ellipsoidal protein with the major axis being 14 nm and the minor axis 4 nm. 10) It is possible to investigate the thermal aggregation mechanism or aggregation rate from the evolution of D with the elapse of time since unfolding by the thermal denaturation 11) has less influence on the D. 12) To our knowledge, only a few detailed experimental data on the aggregation kinetics or mechanism have been reported for ellipsoidal protein as yet. The details of thermal aggregation mechanism may be important and useful for practical applications like the preparation of MAA.
In general, the thermal aggregation rate is too fast to be easily followed experimentally at high temperature and at high concentration. In the present study, we measured the D of aggregated BSA with the elapse of time at relatively low temperature in order to clarify the aggregation process and discuss the thermal aggregation mechanism.
Experimental
Materials Fatty acid containing BSA (C-BSA) (Sigma, cat. No. A-4378, crystallized and lyophilized) was used without further purification; and it contains mercapt, non-mercapt albumin and fatty acid. 13, 14) C-BSA solutions for characterization were made up from 0.2 to 1.2% (w/v) in the 20 mM phosphate buffer solution at pH 7.5. The C-BSA solutions used contain not only monomer but also some amount of dimer and trimer 15) whose proportion depended on the lot. no. although the main component was the monomeric C-BSA. The dependence of diffusion coefficient on the concentration, c, at dilute solution is expressed by DϭD 0 (1ϩk D cϩ· · ·), where D 0 is the diffusion coefficient at infinite dilution and k D is the first order coefficient for concentration dependence of D. The diffusion coefficients of C-BSA linearly depend on the concentration. The hydrodynamic radius, R h , of C-BSA, 4.15 nm, calculated with Stokes-Einstein equation from the D 0 is slightly larger than that of monomer (3.5 nm). 15) The results indicate that the C-BSA solutions contain some dimer and/or trimer other than monomer. In the following, the percentage of C-BSA monomer was estimated, assuming that the sample contained only the monomer and dimer of C-BSA, and neither trimers nor tetramers. The contribution of fatty acid contained in the sample can be neglected because the molecular mass is much smaller than that of BSA. The present sample is found to contains 61% monomeric C-BSA and 39% dimeric one.
Solutions of the C-BSA and fatty acid free BSA (F-BSA) for thermal aggregation were made up to 1% (w/v) in a buffer solution of sodium acetate (pH 5.5; 0.5 M).
Buffer Solution The 0.5 M acetate buffer (pH 5.5) was used during the thermal aggregation. The pH value of 5.5 is close to the isoelectric point of BSA, so that at this pH, the electrostatic effect between BSAs is very weak. Even though there is an electrostatic effect, this effect is shielded by small salt ions in the buffer solution.
Defatting C-BSA was defatted according to the procedure described by Chen.
16) Charcoal (Darco) was mixed into the 1% C-BSA solution and pH was lowered to 3.0 by addition of 0.2 M HCl. The solution was kept in an ice bath and stirred for 1 h. The charcoal was then removed by centrifugation at 2000 g for 20 min and filtered through a membrane-filter (pore size 0.22 mm). The solution was brought to pH 5.5 by adding 0.2 M NaOH.
Aggregation of BSA C-BSA was dissolved in the 0.5 M buffer solution to give a 1% solution. These C-BSA and F-BSA solutions were kept at various temperatures (from 56 to 80°C) with constant stirring in an oil bath, and the temperature was controlled to within Ϯ0.2°C. A 5 ml solution was taken out every 2 min and immediately quenched in an ice bath at 0°C to terminate the thermal reaction.
Particle Radius Measurement C-BSA and relatively small particles of C-BSA and F-BSA aggregates from 1 nm to 1000 nm in size were measured using a dynamic laser light scattering photometer (ALV-5000) with a semiconductor laser (500 mW maximum output) operated at 532 nm as a light source at 25°C. Diffusion coefficient measurements were performed mainly at the angle of 90°with respect to the incident laser light except at low concentration or for small particles, since measured diffusion coefficients did not differ between 30°to 90°. Measurements were performed at 30°for low BSA concentrations or for small particles. Autocorrelation function g (2) (t) of the scattered light intensity was measured and g (2) (t) was transformed to the correlation function g (1) (t) of the electric field of scattered light. The g (1) (t) was analyzed by using the non-linear least square fitting to the cumulant expansion.
17) The diffusion coefficient, D, was obtained from the average decay rate G ළ by the relation G ළϭDq 2 , where q is the length of the scattering vector. In general, random aggregation of spherical particles might be expected to produce more or less spherical particles. 18) In the present study, the theory was applied as an approximation, assuming that ellipsoidal molecules of BSA also form globular aggregates. Then, the hydrodynamic radius, R h , was calculated with the Stokes-Einstein equation. Since the extrapolation to zero concentration for thermal aggregated samples could not be made, we evaluated R h without the extrapolation, here referred to as the apparent hydrodynamic radius (R happ ). In the case of qR h Ͼ Ͼ1, it is necessary to consider the rotational diffusion of the particles to determine the R h exactly from the translational diffusion coefficient. The influence of rotational diffusion to the translational diffusion is less significant in this experiment since the size increment of aggregates is rapid and prominent.
Aggregated particles with radius larger than 1000 nm were measured by means of a Coulter LS-130 with 750 nm incident laser beam. Diffraction pattern analysis over 3 mm particles was based on the Fraunhofer diffraction pattern. Scattering light pattern analysis, based on the Mie scattering, was applied to the particle radius ranging from 0.4 to about 3 mm. The particle radius ranging from 0.1 to 0.4 mm could not be distinguished by the Mie scattering patterns. Then, the intensity difference between horizontally and vertically polarized light components was measured with 450, 600 and 900 nm incident light, and the polarized light pattern was analyzed as a function of scattering angle. The particle radii ranging from 800 to 1000 nm observed with the dynamic light scattering method were consistent with those of diffraction pattern analysis with the Coulter LS-130, though the measurements were based on different principles. The resolution of the equipment, defined as the standard deviation of the observed peak value divided by the value of a profile, was estimated to be 16%, using standard particles of polystyrene latex that has 0.31Ϯ0.05 mm in diameter.
Results and Discussion
Effect of Fatty Acid on Thermal Aggregation Figures  1 and 2 show the particle radii of F-BSA and C-BSA with the elapsed time at 62°C. The remarkable difference in the particle radius of the aggregates was found at the initial heating. The radius (9 mm) of F-BSA is about 1500 times greater than that (6 nm) of C-BSA ca. 2 min after the initiation of heating. The particle radius of F-BSA aggregates increased monotonically and gradually from 9 to 28 mm with time from 2 up to 50 min, whereas that of C-BSA increased from 6 to 100 nm with time from 2 up to 30 min at a faster rate than F-BSA. Then, the particle radius of C-BSA increased abruptly from about 100 nm (30 min after heating) to 2000 nm at 50 min. This behavior suggests that the presence of fatty acid prevents the thermal aggregation, and reflects that BSA molecules binding to at least 6 molecules of fatty acid resist thermal denaturation. 19, 20) Temperature Effect on Thermal Aggregation Figure 1 shows the particle radii of aggregates for C-BSA with elapsed time at 62°C to 80°C. The higher the temperature, the larger the particle radius formed. The thermal aggregation rate was too fast to follow the radius increasing process at the higher temperature of 80°C. Two cluster forming processes became apparent at relatively low temperature (62°C and 63°C). At higher temperature the two processes took place simultaneously, and it was therefore difficult to observe them individually. Figure 2 shows the particle radii of aggregates for F-BSA with elapsed time at various temperatures. The behavior is similar to C-BSA at low temperature (58°C and 59°C). However, the second process is observed at 67°C for C-BSA, whereas it is observed at 61°C for F-BSA, indicating that the second process occurs at a temperature at least 6°C lower for F-BSA than for C-BSA. The first process shows that R happ gradually increases up to about 100 nm, after which the aggregate size increases abruptly. The gelation is assumed to be a particular kind of limited aggregation process, since concentrated BSA solution gelates at high temperature. Richardson and Ross-Murphy considered that gelation progresses in four processes, 21) i.e., 1) unfolding of native protein, 2) monomer aggregation, 3) reaction of inter aggregates, and 4) intra-aggregates reaction. The first process proceeds with a first-order reaction, the second and third with second-order reaction, and the fourth with first-order one. The overall reaction order thus lies between the first and second order. In this experiment, the 1% BSA concentration was too low to gelate, and the partial unfolding of BSA helixes with the thermal denaturation was unaffected to the translational diffusion, because translational diffusion was observed as the hydrodynamic motion of aggregates. It is therefore considered that the BSA aggregation progresses via only the second and third processes described by Richardson and Ross-Murphy. 21) Namely in the first process, monomer BSA molecules aggregate so that the particle size increases to about 100 nm and almost all the monomer molecules are consumed to aggregate. In the second process, the reaction of inter aggregates takes place and the particle size increases rapidly. There after the particle size reaches a plateau where particles no longer aggregate, because the concentration of the remaining monomeric BSA is too low to aggregate further. The particle size at this plateau region depends on the temperature (for example, ca. 1 mm at 61°C for F-BSA in Fig. 2 ). The computer simulation of aggregation processes has been studied theoretically [7] [8] [9] [22] [23] [24] [25] and applied experimentally to gold sol systems and to b-lactoglogulin. 12, [26] [27] [28] [29] The theory predicts that clusters grow linearly in time for diffusion limited cluster aggregation (DLCA) or exponentially for reaction limited cluster aggregation (RLCA). A study by Gimel et al. 12) on the thermal aggregation process of globular protein, b-lactoglogulin, indicates that the process obeys a power law and an exponential cut-off time course for clustercluster type aggregation.
The thermal aggregation of ellipsoidal protein involves a similar process to fractal growth, and the relationship between the particle size and the time of heating is represented by the power law as R happ ϰt z (DLCA) or by the exponential form as R happ ϰe at (RLCA). The DLCA theory assumes that particles of similar size aggregate on the lattice. BSA solutions can be assumed uniform, although the solution contains some oligomers. Thermal aggregation takes place irreversibly and randomly by the diffusion of BSA particles. Consequently, DLCA can be applied to the BSA thermal aggregation systems. As shown by straight and dotted lines in Figs. 1 and 2 , the early stage of thermal aggregation is consistent with the DLCA theory, and at this stage, intermonomer molecules aggregate. If the particles are nearly equal in size, evolution of the particle radius is represented by the DLCA theory. The exponent, z, on heating time, t, of the early stage of aggregation is shown in Table 1 . The z depends on the temperature, i.e., the higher the temperature, the larger the z is observed both for C-and F-BSA. 
